The objective was to reveal whether a protein kinase C (PKC [all isozymes])-mediated self-sustaining MAPK3/1 (3/1 extracellular signal regulated kinase 2/1, also known as ERK2/1) activation loop was necessary for FSH-or epidermal growth factor (EGF)-induced DNA synthesis in the granulosa cells of intact preantral follicles. For this purpose, hamster preantral follicles were cultured with FSH or EGF in the presence of selective kinase inhibitors FSH or EGF phosphorylated RAF1, MAP2K1, and MAPK3/1. However, a relatively higher dose of EGF was necessary to sustain the MAPK3/1 activity, which was essential for cyclin-dependent kinase 4 (CDK4) activation and DNA synthesis. In intact preantral follicles, FSH or EGF stimulated DNA synthesis only in the granulosa cells. Sustained activation of MAPK3/1 beyond 3 h was independent of EGFR kinase activity but dependent on PKC activity, which appeared to form a self-sustaining MAPK3/1 activation loop by activating RAF1, MAP2K1, and PLA2G4 (phospholipase A2 [all cytosolic isozymes]). Inhibition of PKC activity as late as 4 h after the administration of FSH or EGF arrested DNA synthesis, which corresponded with attenuated phosphorylation of RAF1 and MAPK3/1, thus suggesting an essential role of PKC in MAPK3/1 activation. Collectively, these data present a novel self-sustaining mechanism comprised of MAPK3/1, PLA2G4, PKC, and RAF1 for CDK4 activation leading to DNA synthesis in granulosa cells. Either FSH or EGF can activate the loop to activate CDK4 and initiate DNA synthesis; however, consistent with our previous findings, FSH effect seems to be mediated by EGF, which initiates the event by stimulating EGFR kinase.
INTRODUCTION
Repetitive but controlled division of granulosa cells is essential for follicular growth in the ovary. Previously, we have demonstrated that granulosa cells within hamster preantral follicles contain an adequate level of cyclin D2 (CCND2) [1] . Therefore, when these cells are stimulated by FSH, CCND2 transcription or translation is not a prerequisite to activate cyclin dependent kinase 4 (CDK4) for DNA synthesis [1] . However, CCND2 transcription occurs as a backup mechanism to offset ubiquitination [1] .
CDK4 activity is stimulated by epidermal growth factor (EGF), which acts via receptor tyrosine kinase and MAPK3/1 (3/1 extracellular signal regulated kinase 2/1, also known as ERK2/1) [2] . EGF as well as FSH phosphorylates MAPK3/1 in cultured porcine granulosa cells [3] . These factors also phosphorylate MAPK3/1 and CDK4 in the granulosa cells of hamster preantral follicles [1] . Further, EGF-antiserum or antisense EGF deoxyoligonucleotides can block FSH-or cyclic-3 0 , 5 0 -AMP-stimulated DNA synthesis in the granulosa cells of intact preantral follicles [4, 5] . Evidence indicates that hormones and some growth factors can activate MAPK3/1 via protein kinase C (PKC [all isozymes]). However, it is evident that besides DNA synthesis, MAPK3/1 activation is required for other cell functions [2, 6, 7] . Further, the expression of EGFR in granulosa cells varies during follicular development [8] ; hence, varying degrees of MAPK3/1 signaling are likely during the proliferation and differentiation of granulosa cells. Therefore, a mitogen-induced sustained activation of MAPK3/1 may be necessary for the onset of replicative cell cycle. This hypothesis is supported by an elegant concept developed with computer simulation and limited experimental data [9] . According to the model, a sustained activation of CDK4 is necessary for cells to enter the S phase, and the activation requires a highly stable state of active MAPK3/1. Further, it is conjectured that PKC can elevate MAPK3/1 activity to such an active state by forming a self-sustaining loop [9] . Whether FSHor EGF-activation of CDK4 and subsequent initiation of DNA synthesis in granulosa cells involve such a loop is not known. The objectives of the present studies were to reveal the signaling steps involved in FSH or EGF stimulation of DNA synthesis in the granulosa cells of hamster preantral follicles and to test the hypothesis whether a MAPK3/1-PKC self-sustaining activation loop would indeed be necessary for CDK4 activation.
MATERIALS AND METHODS
Golden hamsters (90-100 g) were purchased from Sasco (Madison, WI) and Charles River Laboratories (Wilmington, MA) and maintained in a 14L:10D cycle in a climate-controlled facility according to the Institutional Animal Care and Use Committee (IACUC) and USDA guidelines. The use of hamsters for this study was approved by the IACUC.
Ovine FSH-20 was purchased from the National Pituitary program (NIH); rabbit polyclonal anti-CDK4 and anti-CCND2 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA); recombinant murine EGF was from BD Biosciences (San Diego, CA); antibodies to serine-tyrosine dualphosphorylated MAPK3/1 (dpMAPK3/1), phospho(Ser259)-RAF1, and phospho(Ser217/221)-MAP2K1 (MAP3/1 kinase kinase 1, also known as MEK1)
were from Cell Signaling (Beverley, MA); polyclonal antibodies to MAPK3/1 and MAP2K1 were from Santa Cruz Biotechnology; mouse monoclonal anti-TUBB (also known as beta tubulin) antibody was from Sigma Chemical Company (St. Louis, MO); [ 3 H]-thymidine (specific activity 40 Ci/mmol), 1-acyl-[ 14 C]-arachidonyl phosphoethanolamine (specific activity 56 Ci/mmol), and Advance ECL kit were from GE Healthcare Bio-sciences Corporation (Piscataway, NJ); PD98059, a selective blocker of MAP2K1 activation; U0126, a specific blocker of MAP2K1; AG1478, an EGFR-specific tyrosine kinase inhibitor [10] ; arachidonyltrifluoromethyl ketone (AACOCF 3 ), a selective inhibitor of all isoforms of PLA2G4 (phospholipase A2 [all cytosolic isozymes]) [9] 
, a selective blocker of PKC; and phorbol myristate acetate (PMA), a selective activator of PKC, were purchased from Calbiochem (La Jolla, CA); and PKC, PKA, and MAPK3/1 assay kits were from Upstate Cell Signaling Solutions (Lake Placid, NY). All analytical-grade chemicals were purchased from Fisher Scientific Company or Sigma.
Time Course of FSH or EGF Effect on Follicular CDK4 Activity
Ovaries were removed in the morning of proestrous (Day 4) when serum FSH levels were the lowest [11] . Preantral follicles at stages 6 (preantral follicles with seven to eight layers of granulosa cells [12] and seven with incipient antrum [12] ) were dissected and cultured for 2, 4, or 6 h with or without 25 ng/ml of ovine FSH-20 or 50 ng/ml recombinant murine EGF in Dulbecco modified Eagle medium supplemented with ITS þ (insulin, transferrin, and selenium) as described previously [1, 13] . Follicles were retrieved, and the activity of CDK4 associated with CCND2 was determined as described previously [1] .
FSH or EGF Activation of Follicular Signaling Intermediaries
Based on the results of experiment 1 and a previous study [1] , follicles were cultured for 6 h with 50 ng/ml EGF or 25 ng/ml FSH. After the culture, follicles were sonicated in a kinase assay buffer (buffer A: 10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1 mM NaF, 20 mM Na 4 H 2 PO 4 , 2 mM sodium orthovanadate, 1% Triton X-100 and 10% glycerol) containing a protease inhibitor cocktail. An equal amount of protein from each sample was immunoblotted to reveal phosphorylated RAF1, MAP2K1 and MAPK3/1, and TUBB (a loading control).
EGF-Mediation of FSH Effect on Follicular DNA Synthesis
Based on the results of experiment 1 and previous data [14] , FSH and [
3 H]-thymidine were added 1 h after the administration of 100 nM AG1478, and the culture was continued for 6 h. Incorporation of [ 3 H]-thymidine and the activity of CDK4 were measured as described previously [15] .
Follicles were cultured with or without 25 ng/ml FSH or 50 ng/ml EGF and [ 3 H]-thymidine for 6 h. Thecal shell was ruptured, granulosa cells were squeezed out in ice-cold PBS containing orthovanadate, and each fraction was assayed for [ 3 H]-thymidine incorporation [15] . Next, preantral follicles were cultured for 2 h with 50 ng/ml EGF. Granulosa and theca cells were separated as described earlier and analyzed for phospho EGFR, EGFR, phospho MAPK3/1, and MAPK3/1 by immunoblotting.
In the next experiment, follicles were cultured with or without 100 nM AG1478 for 1 h before the administration of 25 ng/ml FSH. The culture was continued for another hour. One group of follicles was exposed to 50 ng/ml EGF as a positive control. Granulosa cells were isolated in ice-cold PBS containing orthovanadate, homogenized in ice-cold buffer A without any detergent, and a 26 000-g pellet containing crude membrane preparation was used for in vitro EGFR autophosphorylation.
Involvement of PKC in FSH or EGF-Induced Activation of CDK4 and DNA Synthesis Follicles were exposed to 100 nM GFXI for 1 h before the administration of FSH or EGF and In a separate experiment, follicles were exposed to GFXI for 1 h before the administration of EGF to examine the effect of PKC inhibition on EGF-induced phosphorylation of MAPK3/1, and the culture continued for 6 h. MAPK3/1 phosphorylation was analyzed by immunoblotting. The optimal dosage of GFXI was selected by a dose-response analysis based on its efficacy to block PKC activity (data not shown). A similar approach was used for other kinase inhibitors (data not shown).
Because kinases selected for the study were expected to influence each other's activity in granulosa cells, a cell-free approach was utilized to check the specificity of the inhibitors used in this study. For this purpose, follicles were cultured with or without FSH for 4 h and homogenized in kinase assay buffer, and aliquots of a 26 000-g supernatant containing 10 lg protein were mixed with GFXI (final concentration, 100 nM), PD98059 (final concentration, 10 lM), U0126 (final concentration, 10 nM), or AACOCF3 (final concentration, 60 lM) for 30 min on ice. Samples with or without the inhibitors were added to respective kinase reaction mixtures containing [ 32 P]-c-ATP (1.7 lCi/nmole ATP, final concentration) according to the manufacturers' instructions, and the reaction continued at 308C for 10 min. A 25-ll aliquot of the reaction mixture was spotted on p81 filters, which were washed extensively in 0.75% phosphoric acid and then once with acetone and air dried. Radioactivity incorporated in the substrate was counted in a scintillation counter in the presence of Ecolite Plus cocktail. Enzyme activity was calculated as picomol [ In the first experiment, follicles were exposed to 60 lM AACOCF 3 for 1 h followed by a 6-h culture with FSH or EGF and [ Follicles were cultured in the presence of 5, 10, 25, or 50 ng/ml EGF and 1 lCi/ml [ 3 H]thymidine for 6 h, and the incorporation of [ 3 H]thymidine was measured. Based on the results, follicles were cultured for 6 h in the presence of a suboptimal or optimal dose of EGF, and the activity of CDK4 was determined. Next, follicles were cultured for 10, 15, and 30 min with a dose of EGF that was suboptimal to stimulate DNA synthesis, and MAPK3/1 phosphorylation was determined.
The Effect of EGF in Sustaining MAPK3/1 Phosphorylation
Follicles were cultured hourly for 6 h in the presence of 10 or 50 ng/ml EGF, and phosphorylation of MAPK3/1 was examined. To check whether the theca could form a barrier for the suboptimal dose of EGF from reaching the granulosa cell compartment in intact follicles, granulosa cells were separated from the theca and oocytes and exposed to 10 ng/ml EGF for the indicated time. Control groups received PBS. One group of culture was exposed to 50 ng/ml EGF to examine whether it would be as effective as it was for intact follicles. The cell lysate was analyzed for phosphorylated and total MAPK3/1, and TUBB.
Identification of a Self-Sustaining MAPK3/1 Activation Loop
The minimum duration of FSH or EGF exposure needed to initiate CDK4 activation and DNA synthesis was examined by culturing follicles in the absence or presence of FSH or EGF and [ 3 H]thymidine for 6 h and by adding 100 nM AG1478 at 1, 2, 3, or 4 h after the commencement of the culture. Incorporation of [ 3 H]thymidine and the activity of CDK4 were measured. Whether PKC activity was needed when DNA synthesis became independent of EGFR action was examined by culturing follicles with or without FSH or EGF for 6 h and adding100 nM GFXI at 4 h after the beginning of the culture. Incorporation of [ 3 H]thymidine was examined. The next experiment examined whether MAP2K1 or PKC inhibitor would adversely affect EGFR activation. Follicles were cultured for 6 h with or without 50 ng/ml EGF and 10 nM U0126 or 100 nM GFXI, and EGFR phosphorylation was examined by immunoblotting. To check whether EGFR kinase was active throughout the culture, follicles were cultured for 6 h with or without 50 ng/ml EGF and 100 nM AG1478 added at 2 or 4 h after the beginning of the culture. Phosphorylation of EGFR was examined by immunoblotting.
YANG AND ROY
The minimum duration of EGFR action needed to phosphorylate MAPK3/1 was verified by culturing follicles for 6 h with or without 50 ng/ml EGF and adding 5 lg of a mouse monoclonal anti-EGFR IgG at 2 or 4 h after the beginning of the culture. Phosphorylation of MAPK3/1 was examined. The monoclonal antibody blocked EGF binding to the receptor but did not impair EGFR kinase activity. This study also complemented the AG1478 effect indicated earlier.
In the next experiment, follicles were cultured for 6 h in the presence of 50 ng/ml EGF, and 100 nM AG1478 were added to the culture at 2 or 4 h after the beginning of the culture. In a separate experiment, 100 nM GFXI and 100 nM AG1478 were added to the culture 4 h after EGF administration. Levels of phosphorylated RAF1 and MAPK3/1 were detected by immunoblotting.
Whether PKC activation depended on MAPK3/1 activity was examined by culturing follicles with 50 ng/ml EGF for 6 h and administering 100 nM AG1478, 10 nM U0126, or 100 nM GFXI at 2 or 4 h after the beginning of the culture. The activity of PKC was measured.
Measurement of [ 3 H]Thymidine Incorporation
This was done essentially as described by Roy and Greenwald [16] . The rate of DNA synthesis was expressed as cpm [ 3 H]thymidine incorporated per ng DNA.
Western Blot Detection and Quantification of Cell Cycle Proteins
The basic protocol was essentially as described by Yang and Roy [1] . After electrophoretic transfer of proteins, the membranes were probed sequentially with antibodies to pRAF1, pMAP2K1, dpMAPK3/1, MAPK3/1, and TUBB after completely stripping the ECL signal of the previous detection. The signal was generated using Advanced Chemiluminescence Kit (GE Healthcare Biosciences), and the intensity was directly quantified by a UVP (Upland, CA) gel documentation system. Images of representative immunoblots were arranged using Adobe PhotoShop. For the sake of brevity, quantitative values were furnished as bar graphs whenever necessary.
Measurement of CDK4 Activity
Because CCND2/CDK4 complex represented active holoenzyme [17] , the activity of the complex was determined in CCND2 immunoprecipitate essentially as described previously [1, 18] . The levels of retinoblastoma protein (RB1) in each sample were detected by immunoblotting followed by thorough stripping of the membrane. Finally, the membrane was exposed overnight to a phosphor screen and the radioactivity emitted from [ 32 P]RB1 recorded by a Cyclone Phosphorimager (Perkin-Elmer, Shelton, CT).
Autophosphorylation of EGFR
Aliquots of 26 000-g pellet of granulosa cells in buffer A without detergent were mixed with an equal volume of an ice-cold buffer containing 50 mM PIPES (piperazine-1,4-bis[2-ethane sulfonic acid]), pH 7.0, 1 mM MnCl 2 , and 0.1 mM orthovanadate to a final volume of 40 ll. The mixture was kept on ice, and 10 ll of an ATP solution (final concentration: 0.3 lCi of [ 32 P]-c-ATP in 1 lM ATP) in 0.6% Triton X-100 were added to the mixture. After 10 min on ice, the reaction was stopped by 25 ll of a 43 SDS sample buffer, boiled for 5 min, fractionated in a 7.5% polyacrylamide gel, transferred to Optitran membrane, and exposed overnight to an x-ray film.
Measurement of PKC Activity
The activity of PKC was determined using an assay kit that utilized a PKCspecific substrate peptide and [
32 P]-c-ATP essentially as the manufacturer's instruction. The enzyme activity was expressed as picomol [ 32 P]-phosphate transferred to substrate per minute per mg protein, and the data were expressed as fold changes relative to untreated controls.
Measurement of PKA and MAPK3/1 Activities
Activities PKA and MAPK3/1 were measured using assay kits that utilized a PKA-specific substrate peptide and myelin basic protein, respectively, and [ 
Measurement of PLA2G4 Activity
PLA2G4 assay was done according to Nahas et al. [19] with modification to fit small amounts of protein. Briefly, approximately 60 follicles (thecal cells did not contribute to the total enzyme activity; unpublished data) were sonicated in a lysis buffer (50 mM HEPES, pH 7.4 containing 250 mM sucrose, 1 mM EGTA, 1 mM EDTA, 1 mM Na-orthovanadate, 5 mM DTT, and a protease inhibitor cocktail) at 20 watts with two to three 5-sec bursts. Samples were centrifuged at 12 000 3 g for 15 min at 48C, and the protein content in the supernatant was determined.
Because a short-term culture of intact preantral follicles was used in this study, pharmacological inhibitors were the ideal reagents to address the questions. Nevertheless, we have critically tested the specificity of their effect in the present system for careful data interpretation.
Statistical Analysis
All experiments were repeated at least three times to obtain a mean 8 SEM. All immunoblots were quantified directly by the UVP imager, and the optical density values were analyzed by one-way ANOVA. Representative immunoblots were furnished. To avoid redundancies and to maintain clarity of data presentation, bar graphs of immunoblots were furnished whenever it was absolutely necessary. All kinase assays were repeated at least three times. All quantitative data were analyzed using one-way ANOVA with Scheffé post hoc test. The level of significance was P , 0.05.
RESULTS

Effect of FSH or EGF on Follicular CDK4 Activity and Signaling Intermediaries
The purpose of the experiment was to determine the latency of FSH-induced stimulation of CDK4 activity, intracellular signaling mechanisms mediating the effects of FSH or EGF, and any thecal contribution to the results obtained using intact follicles. The use of EGF was supported by our previous findings that FSH action on hamster granulosa cells was mediated by EGF [4, 5] . FSH markedly stimulated CDK4 activity by 2 h (Fig. 1A) . Identical results were obtained when EGF was used instead (data not shown). Either FSH or EGF stimulated RAF1, MAP2K1, and MAPK3/1 phosphorylation in follicular cells (Fig. 1B) . Interestingly, FSH-stimulated DNA synthesis and CDK4 activation were completely blocked by AG1478 (Fig. 1C) .
To examine whether theca cells associated with intact preantral follicles contributed to the observed effects, granulosa cells and theca layer were separated after culture and examined. In contrast to granulosa cells, neither FSH nor EGF stimulated thecal DNA synthesis (Fig. 1D) . Further, no EGF-induced phosphorylation of thecal EGFR or MAPK3/1 was evident (Fig. 1E) . It was noteworthy that on an equal protein basis, theca cells had appreciably lower levels of EGFR than granulosa cells (Fig. 1E) . Based on these results, molecular changes related to cell proliferation in intact follicles would be expected to reflect primarily granulosa cells. Therefore, intact follicles were used to avoid delay in sample preparation unless otherwise indicated.
MECHANISM OF FSH REGULATION OF GRANULOSA CELL DNA
Phosphorylation of the EGFR in vitro was examined to determine whether FSH action would actually lead to receptor autophosphorylation in granulosa cells. FSH or EGF activated EGFR-kinase leading to phosphorylation of the EGFR, but the effect was completely inhibited by AG1478 (Fig. 1F) , suggesting that FSH action on granulosa cells involved activation of EGFR.
PKC Mediation of FSH or EGF Effect on CDK4 Activation
The rationale was to examine whether FSH-or EGFstimulated DNA synthesis would involve PKC activity. Suppression of PKC activity by GFXI completely blocked FSH or EGF activation of CDK4 and DNA synthesis ( Fig.  2A) . GFXI also blocked PMA-induced DNA synthesis ( Fig.  2A) . No attempt was made to determine CDK4 activity following PMA administration because DNA synthesis would not proceed without CDK4 activation. Interestingly, GFXI completely suppressed EGF-induced phosphorylation of MAPK3/1 (Fig. 2B) . PMA also stimulated RAF1, MAP2K1, and MAPK3/1 phosphorylation (Fig. 2C) . These results, along with those in Figure 1 , suggested that PKC could activate RAF1, MAP2K1, and MAPK3/1 signaling that was necessary for FSH-or EGF-stimulated granulosa cell DNA synthesis.
Activity of PLA2G4 Is Necessary for FSH-or EGFStimulated Granulosa Cell DNA Synthesis, and MAPK3/1 Activates PKC by Activating PLA2G4
The purpose of these experiments was to determine whether EGF or FSH would activate PKC by activating PLA2G4 as a mechanism to establish the self-sustaining activation loop. AACOCF3 attenuated FSH-or EGF-stimulated DNA synthesis (Fig. 3A) and PLA2G4 activation (Fig. 3B) . AACOCF3 alone did not alter basal [ 3 H]thymidine incorporation (Fig. 3A) . Interestingly, stimulation of PLA2G4 by either FSH or EGF was markedly attenuated by PD98059 (Fig. 3B) , indicating that MAPK3/1 activity was required for PLA2G4 activation. Further, inhibition of either MAP2K1 or PLA2G4 activation resulted in a significant reduction in follicular PKC activity (Fig. 3B) , indicating that stimulation of PKC activity by FSH or EGF occurred through a sequential action of MAPK3/1 and PLA2G4. PD98059 alone had no significant effect on basal PLA2G4 or PKC activity (Fig. 3B) . The result was similar when AACOCF3 was used instead (data not shown).
The purpose of the cell-free assay of enzyme activities was to determine the specificity of the kinase inhibitors at the tested dose level. FSH stimulated PKC, PLA2G4, and MAPK3/1 activities at least 2-fold and PKA activity 5-fold (Fig. 3C) . Whereas GFXI blocked FSH stimulated PKC activity, it had no 
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YANG AND ROY effect on the activities of other enzymes (Fig. 3C) . Similarly, AACOCF3 blocked the effect of FSH on PLA2G4 but did not show any nonspecific inhibition of other enzymes (Fig. 3C) . Consistent with the technical information, U0126 did not inhibit any enzyme, including MAPK3/1 (Fig. 3C) , which was already activated by MAP2K1, the target of the inhibitor. Similar results were obtained when 10 lM PD98059 were used instead of U0126 (data not shown).
A Higher Dose of EGF Was Needed to Sustain MAPK3/1 Phosphorylation
Results of earlier experiments provided strong evidence that FSH action on granulosa cell DNA synthesis was mediated by EGF via EGFR. Therefore, EGF was used in most of the subsequent experiments to determine whether a self-sustaining MAPK3/1 activation loop was required for granulosa cell DNA synthesis. EGF, up to a 25-ng/ml dose level, could not stimulate granulosa cell DNA synthesis but could do so at the 50-ng/ml dose level (Fig. 4A) . However, a dose that was suboptimal for CDK4 activation (Fig. 4B ) was fully capable of phosphorylating MAPK3/1 within 10 min and maintained the phosphorylation state for 30 min (Fig. 4C ). When compared with the effect of an optimal dose for a period of 6 h, the suboptimal dose of EGF could not sustain MAPK3/1 phosphorylation beyond 2 h (Fig. 4D ). To examine whether the inability of the suboptimal dose of EGF to sustain MAPK3/1 phosphorylation was due to the presence of a thecal diffusion barrier, granulosa cell suspension was exposed to suboptimal and optimal doses of EGF, and MAPK3/1 phosphorylation was examined. Despite the absence of a theca, the suboptimal dose of EGF failed to maintain MAPK3/1 phosphorylation beyond 3 h, whereas MAPK3/1 phosphorylation in response to the optimal dose remained steady after 6 h (Fig. 4E) . These results suggested that thecal barrier, if any, was not a factor for the effect observed with the suboptimal dose of EGF; rather, an optimal dose was indeed necessary to elevate MAPK3/1 activity to a level that could activate CDK4. Immunoblots of dp and total MAPK3/1 in follicles cultured with EGF with or without GFXI. C) Immunoblots of phosphorylated and total RAF1, MAP2K1, and MAPK3/1 in follicles cultured with 20 nM PMA for 6 h. ]thymidine. After 6 h of culture, DNA synthesis was determined. B) Follicles were cultured with 60 lM AACOCF3 or 10 lM PD98059 for 1 h before the administration of FSH or EGF. After 6 h of culture, PLA2G4 or PKC activity was measured. AACOCF3 was used as a positive control for PLA2G4 inhibition. C) Cell-free determination of the specificity of kinase inhibitors at the tested dose level. Follicles were cultured with or without 25 ng/ml FSH, and homogenate was mixed with an appropriate concentration of respective inhibitors for 30 min on ice and used in enzyme reaction. Each bar represents a mean 6 SEM of three separate values. P . 0.05: bars with the same letter; P , 0.05: bars with a different letter.
MECHANISM OF FSH REGULATION OF GRANULOSA CELL DNA
Presence of a Self-Sustaining MAPK3/1 Activation Loop
The initiation of a self-sustaining MAPK3/1 activation loop would require signaling to be independent of EGFR activity after a certain period. Therefore, it was important to determine the optimal duration of EGFR-kinase activity needed for activating CDK4 and inducing DNA synthesis. For that purpose, EGFR kinase activity was blocked with AG1478 at different times after EGF or FSH stimulation. Inhibition of EGFR kinase activity beyond 2 h of EGF or FSH administration failed to suppress CDK4 activation or DNA synthesis (Fig.  5A ). However, a relatively longer FSH exposure seemed necessary to stimulate the full complement of DNA synthesis (Fig. 5A) . Similarly, a monoclonal EGFR antibody that would block EGF-induced EGFR activation could not block EGFinduced MAPK3/1 phosphorylation after 2 h (Fig. 5B) , suggesting that MAPK3/1 signaling became independent of EGFR action after 2 h. In contrast, inhibition of PKC activity by GFXI after 4 h of FSH or EGF administration stopped DNA synthesis, and the incorporation of thymidine remained at the 4-h level (Fig. 5C ), indicating that PKC was a critical component of the MAPK3/1 activation loop. Neither the MAP2K1 nor the PKC inhibitor could block EGF-induced phosphorylation of the EGFR, whereas AG1478 blocked the phosphorylation even after 4 h of EGF administration (Fig.  5D ). These results indicated that the observed effect of MAP2K1 or PKC inhibitors was not because of compromised EGFR function.
Because PKC-mediated MAPK3/1 activation loop was expected to involve RAF1, phosphorylation of RAF1 and MAPK3/1 was examined after blocking the activation of EGFR kinase by AG1478. Whereas RAF1 and MAPK3/1 phosphorylation was suppressed when AG1478 was added 2 h after EGF administration, no inhibition was evident when it was added after 4 h (Fig. 6, A and B) . However, when PKC activity was blocked at 4 h after EGF administration, both RAF1 and MAPK3/1 phosphorylation were markedly attenuated (Fig. 6,   A and B) . Measurement of granulosa cell PKC activity following a temporal administration of kinase inhibitors revealed that AG1478 could not block EGF-induced increase in PKC activity after 2 h; however, blocking MAP2K1 activity at 2 or 4 h completely suppressed PKC activity (Fig. 6C) . A direct inhibition of PKC by GFXI had a similar effect (Fig.  6C) , thus establishing the specificity of GFXI. These results suggested that MAPK3/1 activated PKC to activate RAF1, which in turn activated MAPK3/1 to establish the loop.
DISCUSSION
The results of these studies suggest that FSH regulates granulosa cell DNA synthesis in hamster preantral follicles by a novel mechanism that involves an interaction between EGF-EGFR kinase, PLA2G4, PKC, and MAPK3/1 signaling. The interaction establishes a self-sustaining MAPK3/1 activation loop that is essential for CDK4 activation. The autophosphorylation of EGFR by FSH suggests that EGF mediates at least part of the FSH action. FSH stimulates the synthesis of EGF [5] and EGFR [8] in the granulosa cells of hamster preantral follicles, and EGF seems to mediate the effect of FSH on follicular DNA synthesis [4, 5] . It is apparent that FSH-or EGF-stimulated follicular DNA synthesis reflects primarily the activity of granulosa cells, and the contribution of theca cells, if any, is minimal. Although the binding of 125 I-EGF to rat thecainterstitial cells has been demonstrated [20] , the results of the present study corroborate our previous findings that in adult hamsters EGF in vivo fails to induce protein tyrosine phosphorylation in thecal cells [8] . Alternatively, the results can also highlight a species-specific effect of EGF or the maturation status of preantral follicles. Granulosa and theca cells in preantral follicles are less mature than their counterparts in antral follicles [21] .
Sustained MAPK3/1 activity is essential for cells to enter the cell cycle [22] . Bhalla et al. [9] have theorized that activated MAPK3/1 can exist as either a monostable or a SEM of three separate values. P . 0.05: bars with the same letter; P , 0.05: bars with a different letter. C) Follicles were cultured with 10 ng/ml EGF for indicated times, and MAPK3/1 phosphorylation was determined by immunoblotting. D) Follicles were cultured for indicated times with a low (10 ng/ml) or an optimal (50 ng/ml) dose of EGF. Levels of phosphorylated MAPK3/1 were determined by immunoblotting. E) Granulosa cells were separated from thecal layers and exposed to a suboptimal (10 ng/ml) dose of EGF for indicated times. One group was exposed to 50 ng/ml EGF for 6 h to compare the data with those presented in D. Phosphorylated MAPK3/1 and TUBB were detected by immunoblotting. bistable form. Whereas the monostable form of the enzyme represents an all-or-none type of transient signaling, the bistable form maintains sustained signaling [9] . This phenomenon seems to exist in granulosa cells because appreciable MAPK3/1 phosphorylation is evident even after 6 h of FSH or EGF exposure; however, such a long-term phosphorylation requires a relatively higher dose of EGF that may elevate MAPK3/1 signaling to the bistable level. A similar increase in MAPK3/1 activity by PDGF in NIH 3T3 cells has been reported [9] . In contrast, the suboptimal dose of EGF seems to transiently activate MAPK3/1, which may be necessary for other cell functions [23] [24] [25] [26] [27] [28] . Hamster preantral follicles at stage 6 can secrete 36 pg EGF/follicle in response to FSH in vitro [5] . Intrafollicular concentration of EGF is expected to be higher. Although the exact amount of biologically active EGF available to granulosa cells in vitro is difficult to assess, it is evident from the present study that a 50-ng/ml dose provides the amount necessary for DNA synthesis. The impairment of FSH-or EGF-induced MAPK3/1 phosphorylation and DNA synthesis by PKC inhibitor suggests strongly that sustained activation of MAPK3/1 requires PKC action. Bhalla et al. [9, 29] proposed that a self-sustaining loop composed of MAPK3/1, PLA2G4, and PKC functions as a bistable switch wherein an optimal level of extracellular stimulus results in sustained MAPK3/1 activation. Results of the present study lend credence to this hypothesis by providing the first direct evidence for the existence of such a self-sustaining loop in hamster granulosa cells. The attenuation of FSH-or EGFstimulated DNA synthesis and PKC activity by PLA2G4 inhibitor provides evidence that PLA2G4 is an integral component of the loop; however, which isozymes participate H]thymidine for 6 h. AG1478 was added at indicated times after the beginning of the culture. CDK4 activity and DNA synthesis were determined. B) Follicles were cultured with 50 ng/ml EGF for 6 h. A mouse monoclonal anti-EGFR IgG was added to the culture to a final concentration 5 lg/ml at 2 or 4 h after the beginning of the culture, and phosphorylated MAPK3/1 was detected by immunoblotting. C) Follicles were cultured with 25 ng/ml FSH or 50 ng/ml EGF and [ 3 H]thymidine for 6 h. GFXI was added at 4 h after the beginning of the culture, and DNA synthesis was examined. The data were compared with thymidine incorporation for 4 h. D) Follicles were cultured with 100 nM GFXI or 10 nM U0126 for 1 h before the administration of 50 ng/ml EGF. For some groups, 100 nM AG1478 were added at 2 or 4 h after beginning of the culture. After 6 h, EGFR phosphorylation was examined by immunoblotting. Lysate of activated A431 cells was used as a positive control for phosphorylated EGFR. Each bar represents a mean 6 SEM of three separate values. P . 0.05: bars with the same letter; P , 0.05: bars with a different letter.
FIG. 6. Necessity of PKC to sustain MAPK3/1 phosphorylation. A) Follicles were cultured with 50 ng/ml EGF for 6 h, and 100 nM AG1478 was added at 2 or 4 h after beginning of the culture. Another group of follicles received 100 nM GFXI along with AG1478 at 4 h. Levels of phosphorylated RAF1 and MAPK3/1 were determined. B) Quantitative values of the signal intensities presented in A. C) Follicles were cultured with 50 ng/ml EGF for 6 h, and 100 nM AG1478 or 10 nM U0126 were added at 2 or 4 h after the beginning of the culture. Another group of follicles received 100 nM GFXI at 4 h. PKC activity in follicular homogenate was determined. Each bar represents a mean 6 SEM of three separate values. P . 0.05: bars with the same letter; P , 0.05: bars with a different letter.
in the loop is not known at present. FSH has been shown to increase secretory PLA2G4 mRNA levels in the rat ovary [30] and arachidonic acid production by immature rat Sertoli cells [31] . The results of the present study provide evidence that FSH or EGF activates PLA2G4 in granulosa cells. Similarly, suppression of both PLA2G4 and PKC activities by the MAP2K1 inhibitor suggests strongly that activation of MAPK3/1 is essential to initiate and maintain the selfsustaining loop. On the other hand, FSH-or EGF-induced phosphorylation of RAF1, MAP2K1, and MAPK3/1 suggests that activation of MAPK3/1 occurs via intermediaries that are typical of EGFR signaling [32] .
The failure of AG1478 to suppress CDK4 activation and DNA synthesis and of EGFR-antibody to inhibit MAPK3/1 phosphorylation after 2 h of EGF or FSH exposure suggests that the establishment of a self-sustained MAPK3/1 activation loop in granulosa cells requires at least 2 h of stimulation by FSH or EGF. However, the active state of MAPK3/1 that is essential for DNA synthesis depends critically on PKC action because the inhibition of PKC activity even after 4 h of DNA synthesis can suspend the process in the midstream by suppressing RAF1 and MAPK3/1 phosphorylation. Phosphorylation of RAF1, MAP2K1, and MAPK3/1 by PMA provides additional evidence that PKC can activate the signaling pathway, provided the enzyme is activated. Dephosphorylation of RAF1 and MAPK3/1 after 2 h of PKC inhibition lends credence to the speculation that one of the functions of PKC in granulosa cells is to suppress the activities of specific phosphatase for maintaining the active states of the kinases. Future studies may address this conjecture.
In summary, the results of the present studies demonstrate that FSH-stimulated DNA synthesis in hamster granulosa cells involves a novel mechanism that begins with EGF-EGFR interaction leading to MAPK3/1 phosphorylation. Activated MAPK3/1 stimulates PLA2G4, which activates PKC. Active PKC further stimulates MAPK3/1 via reactivation of RAF1 and MAP2K1. Therefore, at the beginning of FSH or EGF stimulation, MAPK3/1 activation occurs via EGFR signaling as well as PKC signaling, but subsequently the self-sustaining MAPK3/1 activation loop is established, and it elevates MAPK3/1 activity to the bistable mode leading to the activation of CDK4 and DNA synthesis. A model explaining the mechanisms has been proposed (Fig. 7) .
